ABSTRACT. Nucleoporin 98 (NUP98) and nucleoporin 96 (NUP96) are essential components of the nuclear pore complex (NPC) in eukaryote cells. However, there is a lack of available information about complete Rehmannia glutinosa sequences. Here, the full-length cDNA sequence of rgNUP96-98 was isolated from R. glutinosa using rapid amplification of cDNA ends (RACE) technology, based on a cloned cDNA sequence (GenBank accession No. JZ483329). The identified rgNUP98-96 was 3476 bp, and it encoded a 1041-amino acid peptide. The BLAST search analysis of rgNUP98-96 showed an intermediate degree of similarity (60-79%) to the NUP98-96 protein sequences of 34 other plants, including the dicotyledons Erythranthe guttata, Genlisea aurea, Coffea canephora, Nicotiana benthamiana, Solanum lycopersicum, and Solanum tuberosum. The phylogenetic analysis of NUP96-98 sequences indicated that R. glutinosa and E. guttata sequences shared the closest homology. The calculated molecular mass and predicted isolectric point of the complex protein were 117.6 kDa and 4.99, respectively. The secondary and threedimensional structure studies illustrated that the rgNUP96-98 protein folded into a channel motif comprised of 34 alpha-helices, nine beta-strands, and (2015) several long loops. Using quantitative real-time PCR, the spatio-temporal expression patterns of rgNUP98-96 were analyzed in R. glutinosa, and the results indicated that rgNUP98-96 was highly expressed at the early stage of R. glutinosa tuberous root expansion, which is associated with a higher expression pattern in roots. The study provides a valuable foundation for further investigation of rgNUP96-98 molecular functions in R. glutinosa.
INTRODUCTION
The nuclear pore complex (NPC) is the sole gateway between the nucleoplasm and the cytoplasm, reconciling RNA and protein traffic in eukaryotic cells. It is a crucial process for various cellular activities that regulate gene expression, facilitate cell nucleocytoplasmic transport, and influence development (Fiserova et al., 2009; Hetzer and Wente, 2009; Bonnet et al., 2015) . Plant NPCs are comprised of multiple copies of approximately 30 different proteins called nucleoporins (Parry, 2013; 2014) . Nucleoporin 98 (NUP98; a gatekeeper) and nucleoporin 96 (NUP96; a scaffold), are essential components of the NPC, and are located at both the cytoplasmic and the nuclear sides of the NPC central channel (Terry and Wente 2009; Parrott et al., 2011; Stuwe et al., 2012; Franks and Hetzer, 2013; Byrne et al., 2014; Morchoisne-Bolhy et al., 2015) . In many cells, the conservedNUP98-96genes generate a long mRNA with an open reading frame (ORF) for a polyprotein. This polyprotein is processed by autocatalytic cleavage that subsequently separates the two functional units (NUP98 and NUP96), which control the transcription of specific target genes that regulate developmental transitions and the cell cycle (Hülsmann et al., 2012; Panda et al., 2015) . The composition and function of the NPCs have been well identified and characterized in vertebrate and yeast cells (Tran and Wente, 2006; Aitchison and Rout, 2012) , whereas the status of research aimed at deciphering those of the plant NPCs is limited (Tamura et al., 2010; Chang et al., 2013; Tatout et al., 2014) . Although NUP98-96 has been identified and annotated by automated computational analysis for some plant species (e.g., Arabidopsis, Solanum lycopersicum, and Glycine max) (Tamura et al., 2010; Potato Genome Sequencing Consortium, 2011; Chang et al., 2013; Park et al., 2014) , there is little information about plant NUP98-96 isolation and characterization.
Rehmannia glutinosa (Scrophulariaceae) is a perennial herbaceous plant. It has various medicinal properties that are associated with its astringent, diuretic, anti-inflammatory, anti-fungal, and anti-radiation characteristics. It is also used in treating liver disorders and diabetes. Because of its specific actions, lack of serious side effects, and lower price, R. glutinosa is one of the most popular medicines used in traditional Chinese clinical practice. However, there is currently no information regarding specific R. glutinosa molecules or nucleoporins with altered nuclear transport during development processes, and the genomic resources available for R. glutinosa are limited (Yang et al., 2013) . The rapid amplification of cDNA ends (RACE) technique allows the characterization of the full-length sequence of an RNA transcript found in various tissues, especially those of non-model organisms that lack a full genome sequence (Scotto-Lavino et al., 2006a; 2006b ). Here, we described the application of RACE technology to obtain a full-length cDNA encoding NUP98-96 from R. glutinosa (rgNUP98-96). We also analyzed the rgNUP98-96 phylogeny and its structural models to present a three-dimensional (3D) structure, which allowed us to recognize its active sites. Finally, we investigated the expression patterns of this gene in various tissues during R. glutinosa development stages. The purpose was to reveal the possible functions of rgNUP98-96 and their target proteins during the R. glutinosa developmental processes.
MATERIAL AND METHODS

Plant materials
The R. glutinosa cultivar "Wen 85-5" was cultured from the Wen Agricultural Institute, Jiaozuo City, Henan Province, China. The plants were grown between April 22, 2013 and November 30, 2013. To clone gene sequences, a mixture of five whole plants (including leaves, stems, and roots) was sampled at the early stage of R. glutinosa tuberous root expansion (July 22, 2013 
Total RNA extraction, gene cloning, and sequencing
The TriZOL reagent (TaKaRa Co., Tokyo, Japan) was used to extract total RNA from each sample, following the manufacturer protocol. For 5'-RACE and 3'-RACE, the primers (Table  1) were designed according to a 786 bp fragment of rgNUP98-96 cDNA, which was obtained from R. glutinosa EST sequences in GenBank (accession No. JZ483329) at the National Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/dbEST/). For 3' and 5'-RACE, total RNA was incubated with SMARTScribeTM Reverse Transcriptase (Clontech Laboratories, Inc., USA ) and 3' and 5'-RACE CDS Primer A, respectively. Using touchdown PCR, the first cDNA chain was amplified with an rgNUP98-96 gene-specific primer for 5' and 3' ends and the Universal Primer A Mix supplied with the kit. Nested PCR was performed with a gene-specific primer for 5' and 3' ends and the short Nested Universal Primer A from the kit. The nested PCR products were separated on a 1.2% (w/v) agarose gel, and each of the target DNAs (5' and 3' ends with the expected size) were then excised from the gel and purified using a MiniBEST Agarose Gel DNA Extraction Kit Ver. 4.0 (TaKaRa Co., Tokyo, Japan). The purified fragments were cloned into the pMD18-T Vector (Takara, Japan) and transformed into E. coli DH5α cells. After screening, the recombinant plasmids were isolated and purified, and the target DNA was Sanger sequenced in both directions. The full-length cDNA of the gene was obtained by assembling the partial cDNA and the 5' and 3' ends. Bioinformatic analyses were performed using DNAman software. 
rgNUP98-96 sequence analysis and prediction
The obtained nucleotide sequence was translated using Translate Tool (http://www.expasy. ch/tools/translate/), and the properties of the deduced amino acid sequence were estimated using ProtParam (http://web.expasy.org/protparam/). Predictions for isoelectric point (pI) and molecular mass were made using the entire open read frame (ORF) and the pI/MW tool at Expasy (http:// web.expasy.org/compute_pi/). The prediction of protein localization sites in cells was conducted using the PSORT program (http://psort.hgc.jp), and the secondary structure was determined using PSIpred (http://bioinf.cs.ucl.ac.uk/psipred/) (Herbert and Bemstein, 2000) . The 3D structure of the rgNUP98-96 protein was predicted using the CPHmodles 3.2 server (http://www.cbs.dtu.dk/services/ CPHmodels/) and the RasMol program (http://en.wikipedia.org/wiki/RasMol/) (Bernstein, 2000) . Conserved domains of the deduced protein sequence were obtained by searching for homologous proteins in different databases using the BLASTp-Basic Local Alignment Search tool at NCBI (http://blast.ncbi.nlm.nih.gov/Blast/). Sequences with the similarities were separated, and multiple alignments and phylogenetic construction were performed using MEGA 4.0 (Kumar et al., 2008) .
Quantitative real-time PCR (qRT-PCR) analysis
Following incubation with RNase-free DNase I, reverse transcription reactions were performed using 5 μg of RNA and M-MLV reverse transcriptase (TaKaRa Co., Tokyo, Japan) in accordance with the manufacturer instructions. For qRT-PCR, the primers were designed based on the rgNUP98-96 ORF sequences. A primer pair for 18S ribosomal RNA (GenBank ID: EU787015.1) was used as the inner control. Primers were designed using Beacon Designer 7.0 software (Premier Biosoft International, Palo Alto, CA, USA), and the PCR primers are shown in Table 1 . To detect gene expression abundances, qRT-PCR reactions were performed using a BIO-RAD iQ5 real-time PCR detection system (Bio-Rad Laboratories, Inc., USA) and Maxima™ SYBR Green qPCR Master Mix (2X) (Fermentas, CanadaCo., Ltd., Canada). The reaction mixture (25 μL) contained 0.5 μM of each primer and the appropriate amounts of enzymes, cDNA, and fluorescent dyes. All runs used a negative control without adding target cDNA, resulting in no detectable fluorescence signal from the reaction. A range of five total cDNA dilutions was tested under the same conditions. Amplification reactions were initiated with a pre-denaturing step at 95ºC for 10 s, which was followed by denaturing (95ºC for 5 s), annealing (59ºC for 10 s), and extension (72ºC for 15 s) steps for 40 cycles during the second stage. A final stage of 55 to 95ºC was used to determine the dissociation curves of the amplified products. All reactions were performed with at least three replicates. The relative expression levels of these genes were calculated using the 2 -ΔΔCT method, and the data were normalized based on 18S ribosomal RNA CT values (Livak and Schmittgen, 2001) .
RESULTS
Analysis of nucleotides and deduced amino acids
In order to characterize the full-length rgNUP98-96 cDNA, total RNA was isolated at the early stage of R. glutinosa tuberous root expansion. We designed 5' and 3' cDNA touchdown nested PCR primers based on the EST sequence from NCBI Genbank (accession No. JZ483329). Based on the SMART-RACE technology, 2300 bp of 5' and 1400 bp of 3' rgNUP98-96 cDNA products were amplified via the touchdown PCR approach (Figure 1a) , and approximately 2000 bp and 1200 bp fragments of rgNUP98-96 5' and 3' cDNA were isolated using the nested PCR method, respectively (Figure 1b) . Nested PCR fragments of the expected size were purified, cloned, transformed, and positively screened. Using Sanger sequencing technology, we obtained 1925 bp and 1201 bp of rgNUP98-96 cDNA 5' and 3' ends, respectively. After the sequences were assembled using DNAman, a 3476 bp fragment of the rgNUP98-96 cDNA was generated, containing a 3123 bp coding sequence, which encoded a 1041 amino acid residue protein ( Figure  2 ). Sequence analysis revealed an ATG start codon at a position equivalent to a short (77 bp) 5'-untranslated region (UTR). The framed ATG codon region was also present in the nucleotides at positions +4 (G) and -3 (A), which was a typical KOAZK (AXXATGG) character sequence from the cap that contained TATA-like,CAAT-like, and GC-Box sequenceelements in the 5' upstream UTR. In addition, the 3' downstream UTR existed in an unsteady signal sequence. The results showed that the cDNA was a full-length NUP98-96 sequence that contained a complete ORF.
The calculated molecular mass of the deduced polypeptide was 117.6 kDa, and the predicted pI was 4.99 (Table S1 ). The total number of negatively (Asp + Glu) and positively (Arg + Lys) charged residues were 157 and 102, respectively. Using the PSORT program, the protein subcellular localization prediction of rgNUP98-96 is in the cell nucleus. 
Analysis of conserved domains and phylogeny
To explain the characteristic features of rgNUP98-96, the deduced polypeptide sequence was aligned with the NCBI non-redundant sequences (Nr) database using BLASTp with default parameters. We detected two putative NUP2 (pfam accession: PF04096) and NUP96 (pfam accession: PF12110) conserved domains (Nup2 and Nup96) in Nup98-96. The rgNUP98-96 polypeptide domain exists in the conserved cleavage site (187) between His-Phe-Ser (HFS) within the NUP2 domain, and it produces two nucleoporins, NUP98 (186 aa) and NUP 96 (855 aa) ( Figure  2 and Figure S1 ).
The deduced rgNUP98-96 amino acid sequence showed an intermediate degree of similarity (60-79% identity) with the NUP98-96 sequences from 34 other plant species (Table 2) .
To analyze the rgNUP98-96 phylogenetic relationships across plant species, a phylogenetic tree was constructed from an alignment of the rgNUP98-96 deduced amino acid sequence and the sequences from the 34 plant species (Figure 3) . As expected, the NUP98-96 sequences of R. glutinosa and six other dicotyledons (Erythranthe guttata, Genlisea aurea, Coffea canephora, Nicotiana benthamiana, Solanum lycopersicum, and Solanum tuberosum), indicated close homology, and the sequence relationships were especially close between R. glutinosa and Erythranthe guttata. Full-length R. glutinosa rgNUP98-96 cDNA sequences and deduced amino acids. Note: The cDNA letters and numbersare in black font and those for proteins are in blue font. rgNUP98-96 has three 5'-UTR characters (including TATA-like, CAAT-like, and GC-box sequence fragments) at the beginning of the 5' end cDNA, which are shown in boldface and underlined. The KOAZK sequence around the initiation codon is marked in boldface and is highlighted with a black box. The terminator codon is marked with "*", is shown in boldface and underlined. An unsteady signal sequence (ATTAA) from the 3'-UTR is shown in boldface and underlined. A cleavage motif from the deduced amino acid is highlighted with a red box. 
rgNUP98-96 secondary structure prediction
Secondary structure analysis of the rgNUP98-96 protein by SOMPA and PSIpred programs revealed that it consisted of 34 alpha-helices and nine beta-strands (Figure 4 ). Using the CPHmodels 3.2 server and the RasMol program, the 3D structure of rgNUP98-96 ( Figure 5 ) was determined using the crystal structure of the C-terminal autoproteolytic domain of the human nucleoporin NUP98 (PDB ID code 1KO6.A) as a template for comparative modeling. An estimated 42.3% identity was calculated between human and R. glutinosa NUP98-96 aligned regions (E value = 1e-19). The 3D structure of the rgNUP98-96 protein from front or back views indicated that it roughly folded into similar channel-pore motifs with closely surrounding helices. The 3D structure from left and right views is somewhat similar to a half-open sandwich with some helices. 
Expression patterns of rgNUP98-96
Using qRT-PCR analyses, the expression levels of rgNUP98-96 were compared between the roots, stems, and leaves of R. glutinosa at six different development stages (Figure 6 ). The results indicated that rgNUP98-96 displayed some differential expression in the roots, stems, and leaves at the six stages. The accumulation levels of the rgNup98-96 transcripts in roots were higher than in stems and leaves for three stages of R. glutinosa development, and it was strongly transcribed at the early stage of tuberous root expansion. In contrast, there was almost no tissue-specific expression at the seedling, late tuberous root expansion, and maturity stages. Moreover, rgNUP98-96 is essentially not expressed in tissues during the maturity stage of R. glutinosa development. 
DISCUSSSION
While most plant NUP cDNA sequences were obtained through searching available genomes (Parry, 2013; 2014) , few NUP genes from plants without genomes have been characterized by the methods used in this study. Here, due to the lack of an R. glutinosa genome (Yang et al., 2013) , it was necessary to successfully isolate and characterize rgNUP98-96 using RACE and bioinformatics technologies.
Previous reports indicated that the aminoacid length of NUP98-96 ranged from approximately 950-1100 aa in other most plant species (Alverson et al., 2011; Motamayor et al., 2013; Mybury et al., 2014) . In our study, a 3476 bp cDNA fragment with a 3123 bp ORF was isolated from R. glutinosa, which was translated into a 1041 aa with a calculated molecular mass of 117.6 kDa. In many eukaryotic cells, NUP98-96 is a conservedand long mRNA, and its ORF encodes a polyprotein that is auto-catalytically cleaved at a conserved site that subsequently separates the NUP98 and NUP96 proteins . In R. glutinosa, rgNUP98-96 was also a single polypeptide gene, which encoded both NUP98 and NUP96 proteins. Another characteristic feature of the rgNUP98-96 protein were conserved auto-cleaved amino acid residues (HFS) in the C-terminal region (187-189 aa) as previously described in most organisms (Mans et al., 2004; Parrott et al., 2011) . The secondary structure analysis of the rgNUP98-96 protein indicated high identity with that of the S. tuberosum NUP98-96 protein, and the rgNUP98-96 3D structure was highly similar to the human NUP98-96, suggesting that the rgNUP98-96 molecular structure and function might be essential characters of most eukaryotic cells.
Since NUP98 and NUP96 are expressed as a single polypeptide, the amounts of the two nucleoporins in the cell are nearly equivalent. Therefore, we measured the rgNUP98-96 expression patterns in order to examine its regulation in various tissues and at different development stages of R. glutinosa. The results indicated that rgNUP98-96 expression levels were highest at the early stage of R. glutinosa tuberous root expansion. Therefore, the early stage of tuberous root expansion is a key phase, and the gene expression results are in agreement with previous reports (Yang et al., 2013; 2014) . Moreover, we found that rgNUP98-96 expression levels in R. glutinosa roots were higher than that in its stems and leaves at three development stages. It has been reported in several plant species thatNUP98-96 products (NUP98 and NUP96) have a variety of specific functions that regulate cell division and differentiation programs (Parrott et al., 2011; Parry, 2014) . We hypothesized that higher rgNUP98-96 expression in R. glutinosa roots could be involved in cellular differentiation and division processes, thus promoting tuberous root expansion.
Although the details of the mechanisms underlying these processes require considerable experimental validation, this study could shed light to clarify the molecular basis of rgNUP98-96 functions. In conclusion, the rgNUP98-96 cDNA characterization succeeded in providing a number of valuable clues to aid in understanding the molecular mechanisms of R. glutinosa developmental processes. Furthermore, the findings contribute to the broader understanding of basic NPC molecular structure and function in plants.
